The morphologically diverse bodies of seed plants comprising gymnosperms and angiosperms, which separated some 350 Ma, grow by the activity of meristems containing stem cell niches. In the dicot model Arabidopsis thaliana, these are maintained by the stem cell-promoting functions of WUS and WUSCHEL-related homeobox 5 (WOX5) in the shoot and the root, respectively. Both genes are members of the WOX gene family, which has a monophyletic origin in green algae. The establishment of the WOX gene phylogeny from basal land plants through gymnosperms to basal and higher angiosperms reveals three major branches: a basal clade consisting of WOX13-related genes present in some green algae and throughout all land plant genomes, a second clade containing WOX8/9/11/12 homologues, and a modern clade restricted to seed plants. The analysis of the origin of the modern branch in two basal angiosperms (Amborella trichopoda and Nymphaea jamesoniana) and three gymnosperms (Pinus sylvestris, Ginkgo biloba, and Gnetum gnemon) shows that all members of the modern clade consistently found in monocots and dicots exist at the base of the angiosperm lineage, including WUS and WOX5 orthologues. In contrast, our analyses identify a single WUS/WOX5 homologue in all three gymnosperm genomes, consistent with a monophyletic origin in the last common ancestor of gymnosperms and angiosperms. Phylogenetic data, WUS-and WOX5-specific evolutionary signatures, as well as the expression pattern and stem cell-promoting function of the single gymnosperm WUS/WOX5 pro-orthologue in Arabidopsis indicate a gene duplication event followed by subfunctionalization at the base of angiosperms.
Introduction
The evolutionary relationship between higher land plants, gymnosperms and angiosperms, jointly seed plants, is still a matter of debate. Recent molecular data support that extant gymnosperms: cycadales, ginkgoales, coniferales, and gnetales, comprise a monophyletic group that separated from its sister lineage, the angiosperms, 350 Ma (Goremykin et al. 1997) . The origin, dominance, and diversity of angiosperms-Darwin's ''abominable mystery''-relates to their deeply branched phylogeny with monocots and dicots, the two major lineages of the Mesangiospermae, which diverged approximately 140 Ma (Moore et al. 2007 ).
Root and shoot systems are common to all seed plants, the development of which depends on the activity of meristems. The aerial part of the plant body grows by the activity of the shoot apical meristem (SAM), whereas the belowground part develops from the root meristem (RM). The SAM and RM are comprised of small groups of cells usually at the tip of growing axes, which retain an undifferentiated state and continuously provide new cells for the formation of the plant body. A cytohistological zonation model has been claimed for all seed plants and divides the SAM into a central zone (CZ) considered to comprise these slowly dividing stem cells and a surrounding morphogenetic peripheral zone (PZ), where cells divide more frequently and are recruited for differentiation. A second tunica/corpus model of the SAM is generally applicable to angiosperms but not to all gymnosperms (for review, see Steeves and Sussex 1989) ; it distinguishes between single-or two-layered outer tunica layers (L1 or L1 þ L2), which are clonal due to anticlinal cell divisions and an inner corpus (L3) where cells divide anticlinically and periclinally. The organization of the RM is histologically evident, as a so-called quiescent centre (QC) is surrounded by initials, which are founder cells for different root cell types often arranged in concentric cell files. The molecular mechanisms underlying the establishment and maintenance of plant meristems has so far mainly been studied in angiosperm models and most of our knowledge is based on the work in Arabidopsis thaliana. Few exceptions are analyses of KNOTTED1-like homeobox (KNOX) gene expression in the fern Ceratopteris richardii (Sano et al. 2005) and studies on the conservation of the KNOX-ARP interaction during leaf development in the lycophyte Selaginella kraussiana and the basal leptosporangiate fern Osmunda regalis (Harrison et al. 2005) .
In the Arabidopsis SAM, a two-cell-layered tunica encloses the inner corpus. All three layers contribute to the CZ, which is subdivided into the stem cell population and the subtending organizing centre (OC) marked by WUSCHEL (WUS) gene expression in the L3 layer. WUS encodes a homeodomain transcription factor that promotes stem cell fate (Mayer et al. 1998) and is the founding member of the WUSCHEL-related homeobox (WOX) gene family in plants (Haecker et al. 2004) . WUS activity in the Arabidopsis SAM is antagonized by CLAVATA (CLV) signaling, which involves a heterodimeric transmembrane receptor kinase (CLV1, 2) and a secreted ligand, the CLV3-derived polypeptide (Schoof et al. 2000) . The conical stem cell domain of the Arabidopsis SAM is marked by CLV3 expression and overlies the WUS-marked OC.
Another member of the WOX gene family, WOX5, is expressed in the QC and serves to maintain stem cell identity in the root initials surrounding the QC , which are founder cells for different root cell types. When appropriately expressed from the WUS promoter, WOX5 activity can rescue major phenotypic deficiencies of wus mutants caused by their loss of stem cells, and WOX5 consequently provides a similar stem cell-promoting function in the RM as does WUS in the SAM . Whereas the organization of the RM, with the QC, surrounding initials and descending cell files, is histologically apparent in roots of angiosperm and gymnosperm species (for review, see Barlow 1994) , the cellular architecture of the SAM is less evident.
Orthologues of WUS and WOX5 have been confirmed in two monocot model species, Oryza sativa and Zea mays. Due to an ancient polyploidization event, the Z. mays genome contains two paralogues of each. Expression of ZmWOX5B and OsWOX5/QHB is specific to the root QC (Kamiya et al. 2003; Nardmann et al. 2007) , whereas the expression patterns of the single O. sativa or two Z. mays WUS orthologues in the vegetative shoot apex revealed significant deviations from those in Arabidopsis (Nardmann and Werr 2006) . Common to all plants, however, is the requirement for stem cells and their homeostasis, thus making it appropriate to characterize WUS and WOX5 orthologues in more basal plant lineages.
The Arabidopsis genome contains 14 WOX gene family members (Haecker et al. 2004) , with orthologues for WUS, WOX2-5, WOX9, and WOX11-13 present in the genomes of O. sativa and Z. mays (Nardmann and Werr 2006 Breuninger et al. 2008) . To unequivocally identify WUS or WOX5 orthologues, we established the WOX gene phylogeny from basal land plants through gymnosperms to basal and higher angiosperms. This WOX phylogenetic tree identifies three major branches: a basal clade consisting of WOX13-related genes already present in the genomes of some green algae, a second clade containing WOX8/9/11/ 12 homologues, and a modern clade containing WUS and WOX5 restricted to seed plants. Distinct WUS and WOX5 genes are an innovation of angiosperms, whereas three gymnosperm genomes each contain a single WUS/WOX5 pro-orthologue, suggesting that the genome of the last common ancestor (LCA) of gymnosperms and angiosperms contained a single WUS/WOX5 precursor.
Material and Methods
Isolation of Gymnosperm, Basal Angiosperm, and Basal Monocot WOX Gene Family Members Degenerate primers (Nardmann et al. 2007 ) were used to amplify the homeoboxes of WOX genes from the genomic DNA of the gymnosperm species Pinus sylvestris, Gnetum gnemon, and Ginkgo biloba, the basal angiosperms Amborella trichopoda as well as Nymphaea jamesoniana, and the basal monocot Acorus calamus. DNA and protein sequence analysis was performed with the Wisconsin GCG software package version 7.0 (University of Wisconsin Genetics Computer Group). WOX homeodomain-encoding sequences of Ostreococcus tauri and Ostreococcus lucimarinus, Physcomitrella patens, and Selaginella moellendorffii as well as the full-length protein sequences of Populus trichocarpa and O. sativa were derived from their established genome sequences (http://genome.jgi-psf.org or http://rice.plantbiology.msu.edu;). Zea mays and A. thaliana homeodomain (HD) sequences have been described recently (Haecker et al. 2004; Nardmann et al. 2007) . Accession numbers of the newly isolated sequences, the loci of genome-derived sequences, or the IDs of proteins used for phylogenetic analyses as well as further informations on source and genome versions are given in supplementary table 1 (Supplementary Material online). Multiple sequence alignments are based on ClustalX (http://www.ebi.ac.uk/clustalX2) .The alignment of the full-length protein was refined using BioEdit (Tom Hall, Ibis Therapeutics, Carlsbad, CA) in order to correctly align regions of conservation such as the WUS box. Selection of the best-fit model of protein evolution of the alignments was pursued by ProtTESTv1.4 (Abascal et al. 2005) , which suggested the Jones-Taylor-Thornton (JTT) model for the HD and full-length protein alignments (details in Supplementary Materials online).
Three different phylogenetic methods were compared: The Maximum Likelihood method created with the help of PHYLIP (http://evolution.genetics.washington.edu/phylip. html), the Neighbor-Joining method using MEGA4.0 (Kumar et al. 2008) , and the Bayesian Inference (BI) method performed with MrBayes 3.1.2 (http://mrbayes. csit.fsu.edu/). All three methods revealed trees with a similar topology (supplementary fig. 1A -F, Supplementary Material online); however, the phylogenetic trees obtained by the BI method displayed the most significant support values and are therefore shown here.
In situ Hybridization
Nonradioactive in situ hybridization followed the protocol of Jackson (1991) . Paraffin-embedded tissue was sectioned by the use of the Leica RM 2145 rotary microtome (7-10 lm). Probes for in situ hybridization were cloned in sense or antisense orientation to the T7 promoter and digoxigenin-labeled RNA probes were obtained as described (Bradley et al. 1993) . The GgWUS/WOX5 probe corresponded to accession FM882154. Images were taken using an Axioskop microscope equipped with an Axiocam camera (Zeiss, Germany). Pictures were processed using Adobe Photoshop CS2.
Transgenic Experiments
To express GgWUS/WOX5 under the control of the WUS promoter, GgWUS/WOX5 cDNA was amplified from cDNA using the primers GgWUS/WOX5XhoIfw (5#-GCTTCTCGAGTGACTTGGTTCTGAATCCATCATC) and GgWUS/WOX5BamHIrev (5#-GCTTGGATCCTT-CAGCGAAATCCACCGAGGCAAAG). The gene was then cloned behind the pOp promoter and expressed by a WUS:LhG4 driver construct ). GUS activity was visualized according to Schoof et al. (2000) .
Results

The LCA of Angiosperms and Gymnosperms Contained a Single WUS/WOX5 Precursor
The phylogenetic tree depicted in figure 1 is based on 107 HD sequences common to all WOX family members isolated from species of major radiations of the plant kingdom: green algae (O. tauri, Ot and O. lucimarinus, Ol), 1746 Nardmann et al. FIG. 1.-HD sequence-based phylogeny of the WOX gene family of the plant kingdom. Phylogenetic tree obtained by the BI method based on the HDs encoded by WOX genes from species of major radiations of the plant kingdom. Abbreviations are Ostreococcus tauri, Ot; Ostreococcus lucimarinus, Ol; Physcomitrella patens, Pp; Selaginella moellendorffii, Sm; Pinus sylvestris, Ps; Gnetum gnemon, Gg; Ginkgo biloba, Gb; Amborella trichopoda, Amt; Nymphaea jamesoniana, Nj; Acorus calamus, Ac; Oryza sativa, Os; Zea mays, Zm; Arabidopsis thaliana, At; and Populus trichocarpa, Pt. The WUS HDs of Petunia hybrida (TER) and Antirrhinum majus (ROA) were included for the sake of completion. Only the posterior probability values at the nodes of major subbranches are shown. The original dendrogram with all posterior probability values is included in Supplementary Materials online. Posterior probability values in brackets were obtained in the absence of the SmWOXII HD (arrow), which is placed at the base of the WOX9/11 and the modern WOX branches. The cladogram is a majority rule tree with a cutoff of 50% and was created by the TreeView program (Page 1996) . WUS/WOX5 Phylogeny in Seed Plants 1747 bryophytes (P. patens, Pp), lycophytes (S. moellendorffii, Sm), gymnosperms (P. sylvestris, Ps; G. gnemon, Gg; G. biloba, Gb), basal angiosperms (A. trichopoda, Amt; N. jamesoniana, Nj), basal monocots (A. calamus, Ac), grasses (O. sativa, Os; Z. mays; Zm), and dicots (A. thaliana, At; P. trichocarpa, Pt). The WUS HDs of Petunia hybrida (TERMINATOR, TER; Stuurman et al. 2002) and Antirrhinum majus (ROSULATA, ROA; Kieffer et al. 2006) were also included in the analysis. The HD sequences of O. tauri, O. lucimarinus, P. patens, S. moellendorffii, A. thaliana, P. trichocarpa, and O. sativa are based on their established genome sequences; Z. mays WOX gene family members were described recently (Nardmann and Werr 2006; Nardmann et al. 2007) . WOX gene sequences from gymnosperms, basal angiosperms, and A. calamus were independently isolated by polymerase chain reaction (PCR) using degenerate primers (sequences in Nardmann et al. 2007) , which correspond to the most conserved polypeptide sequences of WUS or WOX HDs and include 40 amino acid (aa) core HD sequences of the WOX proteins or 41 aa in WUS orthologues due to a characteristic extra amino acid in the loop between helix 1 and helix 2 of the homeodomain. Phylogenetic analyses based on the HD sequences performed by the BI method revealed three major branches: a probably ancient branch with orthologues of Arabidopsis WOX13 as the founding member present in all land plants and the green algae Ostreococcus, a second clade comprising the Arabidopsis WOX8/9/11/12 homologues, and a modern clade containing WUS and WOX1-7 restricted to seed plants ( fig. 1 ; all support values are given in supplementary fig. 1A (Supplementary Material online) . The relationship between the three branches is still unclear as the branch lengths do not consistently identify the WOX13 clade to be ancestral (Deveaux et al. 2008; see supplementary fig. 1G, Supplementary Material online) . Therefore, the presence of archetypical WOX genes in the LCA of land plants and the subsequent loss of WOX genes during green algae and basal land plant evolution cannot be ruled out.
In this HD-based phylogeny, one of the Selaginella sequences, SmWOXII, could neither be grouped with high significance to the WOX13 nor to the WOX9/11 clade, which relates to the absence of the full sequences of the C-terminal recognition helix targeted by the degenerate PCR primers. However, the deduced protein sequence (ID115439) contains the sequence NVFYWFQN, which is 100% identical to the sequences of all WOX9/11 and modern clade members, in contrast to the consensus sequence of the WOX13 clade members (NVYNWFQN). Omission of SmWOXII in the phylogenetic reconstructions increases the posterior probabilities for the three main branches in the BI phylogeny to 99% ( fig. 1, To examine the origin of the modern branch in basal angiosperms and gymnosperms in more detail, we established full-length WUS or WOX protein-encoding sequences from N. jamesoniana and the gymnosperms P. sylvestris, G. gnemon, and G. biloba by cDNA cloning or genome walking. These protein sequences were compared with those deduced from the A. thaliana, Z. mays, O. Sativa, and P. trichocarpa genome sequences. The phylogenetic analysis depicted in figure 2A confirms that with the exception of WUS and WOX5, all members of the modern clade consistently found in monocots and dicots existed before the separation of gymnosperms and angiosperms. In contrast, significant posterior probability values support the existence of a single WUS/WOX5 pro-orthologue in all three gymnosperm species. The WUS/WOX5 monophyly is only observed in the phylogenetic tree based on fulllength protein sequences, whereas analyses solely based on the HDs group PsWUS/WOX5 to the WOX1/6 branch and not into the WUS/WOX5 subbranch. This difference relates firstly to the absence of the WUS-specific extra amino acid residue in the PsWUS/WOX5 HD and secondly to domain conservation outside the HD, which is characteristic for members of the WUS/WOX5 clade ( fig. 2B ). Present in all members of the modern clade is the WUS box (Haecker et al. 2004) , whereas a small C-terminal domain is restricted to members of the WUS/WOX5 clade. Initially identified as a WUS-specific EAR-like domain (Kieffer et al. 2006) , this motif should be reconsidered as WUS/ WOX5 specific. In the absence of established genome sequences, we cannot ultimately exclude the existence of other WOX genes to exist in gymnosperms; however, the consistency of a single WUS/WOX5 pro-orthologue detected in three major gymnosperm radiations supports a monophyletic origin of WUS and WOX5 in the LCA of gymnosperms and angiosperms. Other modern clade members in the three gymnosperm lineages are WOX2, WOX3, and WOX4, which may have also be present in the LCA. HD (fig. 2B ), which consists of the flexible N-terminal arm, helix 1, a loop to helix 2, and a turn followed by helix 3, the recognition helix contacting the DNA in the major groove (for review, see Gehring et al. 1994) . The WUS-specific extra tyrosine (Y) residue in the loop between helix 1 and 2 (Mayer et al. 1998 ) is present in all angiosperm proteins and in the Ginkgo protein; the Gnetum orthologue contains a histidine (H) substitution. This extra amino acid residue is absent in the P. sylvestris WUS/WOX5 orthologue which, however, contains a phenylalanine residue which replaces tyrosine in angiosperm WOX5 orthologues. Another discriminating difference between WUS and WOX5 resides in the N-terminal arm of the homeodomain: The SGS and SGT tripeptides in the Pinus and Gingko WUS/WOX5 ancestor (SGA in Gnetum) are identical to those in the monocot WUS orthologues of Z. mays and O. sativa, respectively, and the central glycine (G) residue of this N-terminal tripeptide is changed to a serine (S) in the WUS orthologues from eudicots and Nymphaea. In contrast, all surveyed WOX5 orthologues here share a KCG tripeptide and differ in an N-terminal arm-specific signature of the homeodomain of which the WUS-specific one relates to the ancestral WUS/WOX5 lineage present in extant gymnosperms. The N-terminal arms of HDs provide a dual function: first, they contact the minor groove of the DNA double helix and second, they participate in protein-protein interactions (Frazee et al. 2002) . Consequently, WUS-or WOX5-specific N-terminal arm sequences thus might alter the mode or affinity of HD DNA target site recognition (Palena et al. 2001; Frazee et al. 2002) , selectively bind auxilary proteins (Lohr and Pick 2005) , or interact with signaling components such as SMAD4, which mediates the BMP signal of the Hoxc9 HD (Zhou et al. 2008) .
Another signature affects the border of the turn to helix 3, where a serine residue in WOX5 orthologues replaces the glycine in the angiosperm WUS orthologues and the gymnosperm WUS/WOX5 ancestor. According to the ratio of synonymous to nonsynonymous changes in the HD-coding region, which was estimated using the SELECTON server (Doron-Faigenboim et al. 2005; Stern et al. 2007) , neither the glycine nor the serine is under positive selection. However, this serine residue is WOX5 specific and differentiates the WOX5 HD from the HDs of all other modern branch members among gymnosperms and angiosperms. Thus, a glycine residue rather than a serine was probably a feature of the gymnosperm and angiosperm LCA. As for the Nterminal arm, this so-called DNA recognition helix 3 appears to be bifunctional contributing also to protein interactions in paired-class homeodomains (Bruun et al. 2005 ).
Expression Patterns of WUS/WOX5 Genes in Basal Seed Plants
Using reverse transcriptase (RT)-PCR analysis, expression of all three gymnosperm WUS/WOX5 genes was detected in shoots and roots, although transcripts were rare (supplementary fig. 2, Supplementary Material online) . Expression of NjWUS was specific for the shoot and was not detectable in the root tissue. In contrast, NjWOX5 transcripts were detected via RT-PCR in root and shoot tissue; however, it was not possible to dissect the shoot tissue entirely away from adventitious roots, which in the water lily develop from each shoot phytomer. Therefore, at least NjWUS has been subfunctionalized to the shoot, suggesting that a functional separation of WUS and WOX5 was initiated at the base of angiosperms, whereas an ancient seed plant ''progenitor'' gene probably provided similar functions in shoot and root.
On the cellular level, WUS/WOX5 transcripts were not detected in the root or the CZ of the shoot meristem by RNA in situ hybridization experiments. However, in G. gnemon expression of GgWUS/WOX5 was found in the lateral flank of the SAM ( fig. 3A) , whereas transcripts were absent in consecutive median longitudinal sections ( fig. 3B) . New leaves in G. gnemon develop in a decussate or orthodistichous phyllotaxy, and WUS/WOX5 transcriptional activity thus appears associated with the initiation of new leaf pairs at the SAM flank. Gnetum gnemon is a dioecious plant with flowers arranged in cones. Every female cone develops several bracts or collars, each bearing a whorl of five or more female flowers. In contrast, the male inflorescence develops several whorls of flowers in the axil of one collar with the uppermost whorl consisting of sterile female flowers. These floral whorls develop basipetally, with the uppermost whorl developing first and the lowest whorl developing last. Each male flower develops two microsporangia subtended by a single antherophore (Endress 1996; Hufford 1996) . In the male inflorescence, GgWUS/WOX5 transcripts were detectable at different stages of male flower development. In young flowers, GgWUS/WOX5 was exclusively and strongly expressed in the epidermal layer of the developing microsporangium ( fig. 3C and D) but not in the epidermis of the subtending antherophore. Expression then spreads throughout the sporangium, including the sporogenous cells ( fig. 3E ). In addition, GgWUS/WOX5 was preferentially expressed in the L1 layer of the nucellus primordium in the sterile female flower of the upper whorl ( fig. 3E ). In the female cones, GgWUS/WOX5 was expressed in the apical part of the developing nucellus of the fertile flower ( fig. 3F ).
The Gymnosperm WUS/WOX5 Pro-orthologue Promotes Stem Cell Fate
In order to address the function of the gymnosperm WUS/WOX5 progenitor, we expressed the GgWUS/WOX5 gene under control of the WUS promoter in Arabidopsis plants via the synthetic LhG4/pOp transcription factor system . In contrast to the wild-type inflorescence ( fig. 4A) and supernumerary floral organs in all whorls ( fig. 4B and C) , which are all reminiscent of an increased stem cell population asobservedinclvloss-of-functionmutants.Becausethebinary construct used for expression of the GgWUS/WOX5 transgene inArabidopsis alsocontained the pOp::GUSreporter, we were able to concomitantly monitor the expression domain. GUS expression was visible in an OC-like domain in the IM ( fig.  4D ), in early flower buds, and in the nucellus of the developing ovules ( fig. 4E) , reflecting the expression pattern of the endogenousWUS gene. Inconsequence,the clv phenocopy isnot due to ectopic GgWUS/WOX5 expression outside of the stem cell OC but implies that the gymnosperm WUS/WOX5 pro-orthologue interferes with the control of stem cell homeostasis in the Arabidopsis SAM and promotes supernumerary stem cells.
Discussion
Phylogeny of the WOX Family Reveals a Seed plantSpecific ''Modern'' Clade
The morphologically diverse seed plant bodies all develop by the activity of meristems containing stem cell niches, which according to the dicot model A. thaliana are maintained by similar stem cell-promoting gene functions, WUS and WOX5, in the shoot and the root, respectively ). Both genes are members of the WOX gene family, which has a monophyletic origin in green algae. In the moss P. patens, all three WOX family members are still restricted to the WOX13 branch, whereas in the lycophyte S. moellendorffii, apart from six WOX13 relatives, SmWOXII groups outside the branch and according to its HD recognition helix might be placed at the base of the WOX9/11 and the modern branch.
Relying on the published genome sequences, these data identify the complete WOX gene complement in basal land plant species. In contrast, degenerate primer PCR in gymnosperms and basal angiosperms consistently revealed members of the seed plant-specific modern clade in addition to members of the basal WOX13 and WOX9/11 branches. Two data points indicate completion of the WOX gene family at the base of angiosperms. First, the A. trichopoda and N. jamesoniana genomes encode family members in each branch consistently found in the monocots Z. mays and O. sativa or the eudicots Arabidopsis and Populus, and second, modern clade members are also identified in three major gymnosperm radiations, in addition to a WUS/WOX5 pro-orthologue, which is the focus here. The Gnetum, Pinus, and Ginkgo genomes clearly contain WOX2, WOX3, and WOX4 homologues. WOX3 genes of Arabidopsis (PRESSED FLOWER, PRS) and Z. mays (Narrow sheath1/ 2, NS1/NS2), for example, are involved in the development of lateral domains of leaves and flowers (Matsumoto and Okada 2001; Nardmann et al. 2004) . Although possibly incomplete, the number of modern WOX genes in three gymnosperm species is lower than in basal angiosperms analyzed at the same PCR primer complexity. Extant gymnosperms thus have a reduced set of WOX genes or tolerate a higher sequence divergence in the homeodomain primer target sequences, which might interfere with PCR amplification.
These data suggest an amplification of the WOX gene number from basal to higher land plants and are consistent with other transcription factor families, such as MADS-box, KNOX, or HDIII-ZIP genes, which are frequently discussed with respect to sub-or neofunctionalization (Reiser et al. 2000; Irish and Litt 2005; Floyd et al. 2006; Scofield and Murray 2006; Mondragon-Palomino and Theissen 2008) . Most data with respect to phylogenetic evolution are available for MADS-box genes, which relate to the evolution of the flower or in Darwin's terms, the abominable mystery-the appearance of flowering plants (Theissen and Melzer 2007) . A subgroup of MADS-box genes, the socalled ABC function genes, define floral organ identity and are lacking in nonseed plants (Zhang et al. 2004) . Basal land plants, however, contain MIKC-type MADS-box genes, which similar to WOX13 orthologues, are found in all land plant genomes (Münster et al. 1997) or algae, suggesting that ancestral functions might have been functionally maintained throughout plant evolution, although possibly adapted in extant species. Similar to ABC function MADS-box genes, the modern WOX family members appeared with seed plants, supporting the view that both were present in the genome of the LCA of gymnosperms and angiosperms.
WOX5 is an Angiosperm Innovation
Both, gymnosperms and angiosperms are probably monophyletic sister groups within 300-350 Ma of independent evolution (Goremykin et al. 1997) . The presence of a single WUS/WOX5 orthologue in three gymnosperms contrasts with discrete WUS and WOX5 functions from basal to higher angiosperms and suggests either gene duplication at the base of angiosperms or, alternatively, a lossof-gene function in the ancestral lineage of Pinaceae, Ginkgoales, and Gnetales.
The confinement of amino acid conservation to the homeodomain and small subbranch-specific polypeptide motifs is a general feature within the modern branch of the WOX gene family. Discriminating differences between WUS and WOX5 HDs except the WUS-specific extra residue are located in the N-terminal arm of the homeodomain and at the border of the turn to helix 3. Both domains appear to be bifunctional, contributing to DNA target site recognition and protein interactions (Palena et al. 2001; Frazee et al. 2002; Bruun et al. 2005; Lohr and Pick 2005) , and the amino acid differences between WUS and WOX5 are thus located at crucial functional positions.
Concerning WOX5 evolution, it is important to note that all isolated gymnosperm modern branch WOX family members have a glycine residue in the turn to helix 3 of the HD. Its presence in all three gymnosperm WUS/WOX5 proorthologues and in WUS orthologues of basal angiosperms supports the conclusion that a WUS-type HD containing a glycine was ancestral in the genome of the LCA of gymnosperms and angiosperms, whereas the serine-containing WOX5 HD arose later at the base of the angiosperm lineage.
The conservation of both types of HDs in angiosperms in the absence of positive selection is reminiscent of the homeodomain paradox in animals: ''transcriptional versus functional specificity'' (Svingen and Tonissen 2006) . On the cellular level, modern WOX genes have acquired very specific expression patterns (Haecker et al. 2004 ), most of which are conserved evolutionarily (Nardmann et al. 2007 ). However, the function of the modern group members seems to be exchangeable Shimizu et al. 2009 ), although the gene products have diverged and manifested specific signatures within as well as outside the HD such as the serine in the WOX5 HD or the WUS/WOX5 box, respectively. Apparently, the criteria for the selection of HD protein sequences are unclear in animals as well as in plants.
Although the presence of a WOX5 orthologue in gymnosperms ultimately cannot be excluded in the absence of full genome sequences, the consistency of the data in three major gymnosperm radiations, the full-length protein sequence-derived phylogeny, and the transcription in the root and shoot tip or the stem cell-promoting function in transgenic experiments suggest a single WUS/WOX5 gene to be present in the genome of extant gymnosperms. Discrete shoot and root stem cell-promoting functions thus appear to be exclusive to angiosperms and subfunctionalization might have contributed to the rapid diversification, variability, and dominance of angiosperms.
The Gymnosperm WUS/WOX5 Pro-orthologue and the Ancestral WUS Function Transgenic experiments performed in Arabidopsis ( fig. 4 ) confirm a stem cell-promoting function for the G. gnemon WUS/WOX5 gene. Sequence orthology is thus supported by functional equivalence, although the cellular expression pattern of the Gnetum WUS/WOX5 pro-orthologue is different to that established for WUS in the Arabidopsis SAM, where WUS is transcribed in an OC-type pattern (Mayer et al. 1998 ). However, WUS transcripts are also detected in the nucellus of young ovules (Gross-Hardt et al. 2002) and in a few stomium cells of developing anthers (Deyhle et al. 2007) . Also ROSULATA (ROA), the WUS orthologue of Antirrhinum, is expressed in the nucellus of the ovule and in a broad domain between the locules of immature anthers (Kieffer et al. 2006 ). This association with the reproductive phase or sporogenesis is reminiscent of the GgWUS/WOX5 transcription pattern in nucellus tissue and in the epidermis of developing microsporangia, which are homologous to the anthers of angiosperms.
As for ROA in Anthirrhinum, our failure to identify GgWUS/WOX5 expression on the cellular level in the CZ of the SAM or in the RM may be due to low transcript levels as is known for ROA (Kieffer et al. 2006) ; also, a transient pulse of expression as is known for ZmWUS1 and Os-WUS in the SAM centre could have interfered with detection via RNA in situ hybridizations (Nardmann and Werr 2006) . However, this lack of cellular data might also relate to the organization of the SAM in gymnosperms. The G. gnemon apex consists of a corpus and a single-layered tunica which are not present in all gymnosperms and, for example, is lacking in Ginkgo (Foster 1938) . The Gnetum corpus has a zonal structure with subapical initials (1-2 layers), a subtending zone of central mother cells (CMC), flanking layers, and the pith-rib meristem. Although, CMCs share a distinct histology and a rare cell division frequency (Johnson 1950 ) with cells of the root QC, there is no evidence for expression of the gymnosperm WUS/ WOX5 pro-orthologue in those cells.
Similar to in Z. mays or O. sativa, GgWUS/WOX5 transcripts are detected in the PZ of the SAM ( fig. 3A) where lateral organs will develop. In grasses, ZmWUS2, one of two paralogues in Z. mays, or OsWUS, the single O. sativa orthologue, is expressed in emerging leaf primordia where expression overlaps with that of TD1 and FON1 encoding the CLV1 orthologues of Z. mays or O. sativa, respectively (Nardmann and Werr 2006) . Data for the extant gymnosperm G. gnemon now suggest that a contribution to lateral organ anlagen might be an ancestral function of WUS and might still be conserved in the orthologous genes of grasses and Antirrhinum where roa mutants are not only defective in stem cell maintenance but also in leaf development (Kieffer et al. 2006 ). The accumulating multispecies data indicate that WUS has been subject to significant adaptations in the course of speciation and apparently, so far only TER, the WUS orthologue of P. hybrida, shares the OC-type expression domain in the SAM with WUS in Arabidopsis (Stuurman et al. 2002) . However, during the reproductive phase of ontogeny, the expression of all WUS orthologues is associated with the development of micro-or megasporangia in gymnosperms and angiosperms, which corresponds with the appearance of modern branch WOX family members in seed plants.
In summary, the analysis of the WUS/WOX gene family in basal angiosperms and three gymnosperms provides evidence that the stem cell-promoting WUS function was present in a likely common ancestor of gymnosperms and angiosperms. The phylogenetic data, the evolutionary WUS-and WOX5-specific signatures, and the expression of the gymnosperm WUS/WOX5 pro-orthologue in shoot and root generally favor a gene duplication event followed by subfunctionalization at the base of angiosperms. The single WUS/WOX5 pro-orthologue in gymnosperms is consistent with the functional similarity shared between WUS and WOX5 in SAM and RM of Arabidopsis and still provides stem cell-promoting function. To elucidate the functional relationship between WUS, which is apparently restricted to seed plants, and the basal WOX13 lineage, which has been maintained in all higher land plant genomes, is a pertinent focus of future research.
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